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ABSTRACT
Aims. We investigate the nature of the accelerated particles responsible for the production of the gamma-ray emission observed from
the middle-aged supernova remnant (SNR) HB 21.
Methods. We present the analysis of more than nine years of Fermi LAT data from the SNR HB 21. We performed morphological
and spectral analysis of the SNR by means of a three-dimensional binned likelihood analysis. To assess the intrinsic properties of the
parent particle models, we fit the obtained gamma-ray spectral energy distribution of the SNR by both hadronic- and leptonic-induced
gamma-ray spectrum.
Results. We observe an extended emission positionally in agreement with the SNR HB 21. The bulk of this gamma-ray emission is
detected from the remnant; photons up to ∼10 GeV show clear evidence of curvature at the lower energies. The remnant is character-
ized by an extension of 0◦.83, that is, 30% smaller than claimed in previous studies. The increased statistics allowed us also to resolve
a point-like source at the edge of the remnant, in proximity to a molecular cloud of the Cyg OB7 complex. In the southern part of the
remnant, a hint of an additional gamma-ray excess in correspondence to shocked molecular clouds is observed.
Conclusions. The spectral energy distribution of the SNR shows evidence of a break around 400 MeV, which can be properly fitted
within both the hadronic and leptonic scenario. The pion-decay mechanism reproduces well the gamma rays, postulating a proton
spectrum with a slope ∼ 2.5 and with a steepening around tens of GeV, which could be explained by the energy-dependent escape
of particles from the remnant. In the leptonic scenario the electron spectrum within the SNR matches closely the locally measured
spectrum. This remarkable and novel result shows that SNR HB 21 could be a direct contributor to the population of Galactic electrons.
In the leptonic scenario, we find that the local electron spectrum with a break around 2 GeV, closely evokes the best-fitting parental
spectrum within this SNR. If such a scenario is confirmed, this would indicate that the SNR might be a source of Galactic background
electrons.
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1. Introduction
Supernova remnants (SNRs) are believed to be sources of Galac-
tic cosmic rays (CRs). According to the SNR paradigm, CRs
are accelerated through diffusive shock acceleration (DSA) at
SNR shocks and propagate diffusively in the Galaxy (Bell 1978;
Blandford & Ostriker 1978). A confirmation of this acceleration
scenario can be provided by gamma-ray observations: acceler-
ated CRs might undergo interactions with the matter field in
the region of the source, leading to the production of hadronic
gamma-ray photons through pi0-decay or leptonic gamma-ray
photons through bremsstrahlung processes. Relativistic CR elec-
trons might also produce leptonic gamma rays through inverse
Compton scattering off the photon field. The spectral energy dis-
tribution (SED) of the hadronic gamma rays is expected to show
a peculiar feature, the so-called pion bump, which is an abrupt
turnover of the spectrum that rises steeply below 200 MeV due
to the finite rest mass of the neutral pions. At the time of writ-
ing, this spectral feature is claimed to be detected in three bright
SNRs: IC 443 (Ackermann et al. 2013), W44 (Giuliani et al.
2011; Ackermann et al. 2013), and W51C (Jogler & Funk 2016).
All of these three objects are middle-aged SNRs interacting with
molecular clouds, characterized by a shell-like radio morphol-
ogy combined with a center-filled X-ray morphology.
Other middle-aged SNRs have been successfully detected so
far. The SNR HB 21 (also known as G89.0+4.7) belongs to this
class of objects and is a few tens of thousands years in age (Koo
& Heiles 1991; Leahy & Aschenbach 1996). Similar to IC 443,
W44, and W51C, HB 21 is also a mixed morphology SNR. Its
radio shell has an angular size of 120′ × 90′, slightly tilted in the
northwest-southeast direction (Hill 1974). Thermal X-ray emis-
sion is concentrated in the interior of the radio shell and appears
elongated in the same direction (Lazendic & Slane 2006; Pan-
nuti et al. 2010). Most previous studies assumed 0.8 kpc as the
distance to HB 21, postulating an association with the molecu-
lar clouds in the Cyg OB7 complex on the eastern side of the
SNR (Tatematsu et al. 1990; Koo et al. 2001). Indeed, on the
eastern boundary of the SNR, HI observations revealed a rather
uniformly distributed emission (the so-called wall) as well as
three large molecular clouds (clouds A, B and C hereafter) de-
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tected through CO observations (Tatematsu et al. 1990). How-
ever, no direct kinematic evidence of interaction between the
eastern clouds and the SNR shell was observed. By comparing
the HI and CO column density with the X-ray absorbing column
density, the distance was later estimated to be ∼1.7 kpc (Byun
et al. 2006). We take this as the distance to HB 21 through-
out this paper. Broad line emissions have been detected from
shocked molecular clumps in the northern and southern regions
of the SNR (clouds N and S) (Koo et al. 2001), as well as in the
northwest (cloud NW) (Byun et al. 2006), providing the most
solid evidence for the SNR interaction with molecular clouds.
The interaction with northern and southern clouds is confirmed
by observations in other wavelengths: the lack of thermal X-ray
emission in correspondence to these shocked molecular clumps
suggests that the shock of the SNR could have gone radiative
owing to interactions with molecular clouds (Lazendic & Slane
2006). A recent study based on X-ray observations of the in-
ner part of the SNR interpreted the existence of recombining
thermal plasma as due to interactions with molecular clouds,
which causes weaker magnetic turbulence, permits the escape of
CR protons, and cools down the thermal electron (Suzuki et al.
2018). Moreover, near- and mid-infrared images of the same
regions showed shock-cloud interaction features (Shinn et al.
2009, 2010).
In the second Fermi LAT source catalog, three point-like
sources were initially associated with the SNR, interpreted as
local maxima of the extended G89.0+4.7 region; these sources
are 2FGL J2041.5+5003, 2FGL J2043.3+5105, and 2FGL
J2046.0+4954 (Nolan et al. 2012). Later studies, also considered
a fourth point-like object lying very close to the northeast edge
of the SNR shell (2FGL J2051.8+5054) as part of the SNR and
determined that the gamma-ray emission is produced by a sin-
gle extended source (Reichardt et al. 2012; Pivato et al. 2013).
Consequently, the SNR has been included in the third Fermi
LAT catalog (labeled as 3FGL J2045.2+5026e) as one of the
12 SNRs firmly identified as spatially extended objects (Acero
et al. 2015). According to roughly four years of Pass-7 data, its
extended emission is well modeled as uniform disk with radius
1◦.19 and centered at l = 88◦.75, b = +4◦.65 and has a SED best
described by a log parabola (Pivato et al. 2013).
In this paper we present an analysis based on more than nine
years of the public Fermi LAT data from SNR HB 21 and we
discuss the nature of its emission mechanism. In Section 2 we
describe the data used for the study and their preparation. In
Section 3 we report the morphological and spectrometric anal-
ysis performed on the data. In Section 4 we discuss the results
and their interpretation. Finally, conclusions are summarized in
Section 5.
2. Data analysis
The analysis presented is based on Pass-8 data collected from the
beginning of the science operations of the instrument, on August
4 2008, to October 13 2017, corresponding to ∼ 9.2 years of
data. The analysis of the data sample was performed using Fer-
mipy (Wood et al. 2017), an open-source python package built
on the Fermi Science Tools, which provides a high-level interface
for analyzing LAT data. The LAT Science Tools exploited in this
work is version v10r0p5, available at the Fermi Science Support
Center1. We selected class 128 events with reconstructed energy
from 60 MeV to 870 GeV. We did not perform any selection in
terms of point spread function (PSF) quality and energy recon-
1 https://fermi.gsfc.nasa.gov/ssc/
struction quality and we considered both front and back photon-
to-pair conversion layer (evtype=3). We selected good time in-
tervals requiring the instrument configuration to be in the sci-
ence mode (LAT_CONFIG==1) and removing data with bad qual-
ity flag (DATA_QUAL>0). Moreover, to filter out photons coming
from the Earth’s limb, we rejected events with a zenith angle
larger than 90◦. We considered a region of interest (ROI) defined
by a circle centered at the position of 3FGL J2045.2+5026e and
with a radius of 10◦. To compensate for the large PSF of the de-
tector at the low energies, we account for the exposure of nearby
objects by considering the contribution of gamma-ray emitters
up to 20◦ from the ROI center.
We study the morphology and the spectral properties of HB
21 by means of a three-dimensional binned likelihood analysis:
for the two spatial dimensions, the data are binned using square
bins of 0◦.1 side, while for the third dimension we assume ten
logarithmically-spaced energy bins per decade. We verified the
validity of the morphological results using PSF event types in
a joint likelihood analysis. The initial model includes the cur-
rent Galactic diffuse emission model (gll_iem_v06.fits) and
the corresponding model for the Extragalactic isotropic diffuse
emission (iso_P8R2_SOURCE_V6_v06.txt), both of which are
provided in the Science Tools2, as well as the gamma-ray sources
in the 3FGL catalog. We left the normalization of the Galac-
tic and extragalactic diffuse models as a free parameter. The
same was also done for 3FGL objects located within 5◦ from
the source center, while for those at distances smaller than 3◦
we free all the spectral parameters. The resulting test statistic
(TS) map reveals a number of significant excesses in the ROI, as
shown in Fig. 1. We localized these gamma-ray emissions, which
are not included in the 3FGL model, and estimated their exten-
sion (see Table 1). In a second iteration step the new hotspots
have been added to the background model. We removed 3FGL
J2045.2+5026e from such a model and we refer to it as the null
hypothesis, as shown in Fig. 1.
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Fig. 1. Test statistic map of the selected ROI with the new gamma-ray
excesses found and modeled within this analysis. Red crosses indicate
point-like sources, while red circles quantify the estimated extensions of
the excesses (see Table 1). The position and the extension of the SNR
HB 21 as defined in the 3FGL catalog is shown in green.
2 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html
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Table 1. List of new gamma-ray excesses found in the ROI of the analysis. In the last column, the name of a possibly associated source is reported,
whether a spacial agreement with the newly detected gamma-ray excess is found.
Excess (l, b) Extension Association name
src_I 85◦.57 ± 0◦.02,+8◦.10 ± 0◦.02 - 1RXS J201619.3+495323
src_II 85◦.09 ± 0◦.02,+3◦.52 ± 0◦.03 0◦.29+0◦ .16−0◦ .07 MITG J2036+4654
src_III 87◦.45 ± 0◦.04,+1◦.65 ± 0◦.03 - NVSS J205432+473338
src_IV 87◦.90 ± 0◦.02,+0◦.36 ± 0◦.02 - MITG J2102+4702
src_V 87◦.63 ± 0◦.04,−0◦.27 ± 0◦.04 - -
src_VI 87◦.98 ± 0◦.09,−0◦.07 ± 0◦.10 - -
src_VII 91◦.75 ± 0◦.02,+1◦.14 ± 0◦.02 - 29P 68
src_VIII 92◦.81 ± 0◦.08,+3◦.29 ± 0◦.08 0◦.75 ± 0◦.04 -
src_IX 88◦.78 ± 0◦.12,+1◦.77 ± 0◦.07 0◦.13 ± 0◦.05 -
src_X 87◦.32 ± 0◦.08,+4◦.97 ± 0◦.07 - -
3. Results
3.1. Morphology
Several scenarios describing the morphology of HB 21 were
considered and tested as follows:
1. a disk-type geometry with fixed radius of 1◦.19, as estimated
in Ref. (Pivato et al. 2013);
2. a disk-type geometry with free radius;
3. a radial Gaussian shape with free width;
4. a ring-type geometry defined on the basis of the radio con-
tours of the SNR at 4850 MHz (see Fig. 2b), i.e., an elliptical
ring 40◦ tilted in the northwest-southeast direction with inner
radii of 0◦.3 and 0◦.45 and outer radii of 0◦.9 and 1◦.05.
The morphology of the source was studied under a certain as-
sumption on the shape of its spectral profile. We consider a log
parabola energy distribution, which corresponds to the best de-
scription of the spectrum reported in the catalog (Acero et al.
2015; Pivato et al. 2013). The disk-type morphology, with the
radius as free parameter, is the preferred model and has a signif-
icance of 44σ with respect to the null hypothesis.
This model predicts a radius smaller than that previously
published (Pivato et al. 2013). Indeed, the TS map revealed
the presence of a hotspot very close to HB 21, placed north-
east with respect to HB 21 center and hereafter called hs_ne.
The hotspot is well described as a point-like emitter located at
l = 89◦.72±0◦.02, b = +4◦.11±0◦.02 and with a power-law spec-
trum dN/dE = N0(E/E0)−α, with E0 = 1000 MeV and estimated
normalization N0 = (0.18 ± 0.02) · 10−12 MeV−1cm−2s−1 and
photon index α = 2.28 ± 0.07. The position of hs_ne is in good
agreement with the gamma-ray source 2FGL J2051.8+5054 (l =
89◦.77, b = 4◦.15), as shown in Fig. 2a. This 2FGL source was
removed in the following catalogs because it was included as
part of the extended SNR HB 21 (Reichardt et al. 2012; Pivato
et al. 2013). Conversely, we found that the significance of the
hypothesis of hs_ne to be separated from the SNR is ∼9σ. Once
the hotspot is included in the model as an independent source,
the extension of HB 21 is eventually estimated to be 0◦.83±0◦.02
and centered at l = 88◦.76± 0◦.02, b = +4◦.74± 0◦.02, as shown
in Fig. 2a.
We further investigate the morphology of the source by test-
ing the hypothesis of two extended objects, one located in the
north and one in the south with respect to the center of the source.
This configuration is disfavored at 3σ level with respect to the
single disk-type morphology, providing no indication for the ex-
istence of multiple sources within the region of SNR HB 21.
In Fig. 2d, the residuals of the modeling with the single disk-
type geometry are shown. An excess of gamma-ray emission
is left in the southern part of the source, interestingly close to
the region of the shocked CO clumps (Koo et al. 2001). To as-
sess the significance of this excess, we postulate the existence
of an additional component placed on top of the whole disk and
located at l = 88◦.47, b = 4◦.45, which is the mean position
of the three clumps S1, S2, S3. Its extension is estimated to be
0◦.24 ± 0◦.05 (red region in Fig. 2d) and has a power-law spec-
trum with parameters E0 = 1000 MeV, N0 = (0.76±0.21) ·10−12
MeV−1cm−2s−1 and α = 2.32 ± 0.12. Only marginal evidence
(4σ) of additional emission is found in correspondence to this
cloud region, which does not allow us to establish firmly the
presence of this additional component. These results, together
with the fact that the gamma-ray source is produced by a single
extended source, suggest that the bulk of the detected gamma-
ray emission originates from the remnant and the contribution
from the shocked clouds can be neglected.
3.2. Spectral analysis
We compute the SED of the source considering four indepen-
dent logarithmic bins per decade of energy. In each energy bin,
the spectral points are obtained performing a fit according to a
power-law profile with spectral index α = 2. The corresponding
SED of the SNR is shown in Fig. 3.
Our spectral analysis confirms that the spectrum shows clear
evidence of curvature, as previously found in Reichardt et al.
(2012); Pivato et al. (2013), and provides for the first time a
solid estimation of the statistical significance of the falloff. To
account for the curved gamma-ray emission over the whole en-
ergy domain, we tested several parameterizations of the spec-
trum in this analysis: (i) a log parabola; (ii) a smooth broken
power law; and (iii) a power law with an exponential cutoff. In
Table 2 the results of the fit are reported. Since the spectral mod-
els considered are not nested, we use the Akaike information
criterion as an estimator of the relative quality of the models:
AIC = 2k − 2 logL, with k the number of estimated parame-
ters in the model and logL the maximum value of the likelihood
function (Akaike 1974). The favored model, which corresponds
to the the minimum AIC value, is the log parabola, defined as
dN/dE = N0(E/E0)−(α+β ln(E/E0)), where E0 = 1000 MeV and
estimated parameters α = 2.35 ± 0.03, β = 0.39 ± 0.03 and
N0 = (0.157 ± 0.004) · 10−10 MeV−1cm−2s−1. The analytical de-
scription of the spectrum according to the log parabola function
makes it possible to reproduce locally the observed steepening of
the gamma-ray energy distribution, which moves from α ∼ 0.5
between 60 and 200 MeV, to α ∼ 1 from 200 to 400 MeV, then
to α ∼ 2 from 400 and 1000 MeV and then to α ∼ 3 above
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Fig. 2. Test statistic map of the selected ROI around the SNR HB 21. The map in Fig. 2a is computed in the whole energy interval considered
for the analysis, i.e., above 60 MeV. Overlaid to this map, the 3FLG sources are reported; 3FGL J2045.2+5026e is also included and defined in
the catalog as a disk-type geometry with a radius of 1◦.19 (green markers). The best-fit model for the SNR HB 21 as found in this work is also
shown (disk-type geometry with a radius of 0◦.83), together with the nearby hotspot hs_ne (white regions). The position of the point source 2FGL
J2051.8+5054 is presented as well (red cross). In Fig. 2b the TS map above 500 MeV is presented, together with the contours of radio continuum
emission at 4850 MHz (white) and the ROSAT X-ray (dark blue) contours. The ROSAT data are available at https://skyview.gsfc.nasa.
gov/current/cgi/titlepage.pl. The map in Fig. 2c is for energies above 1 GeV. On top of the TS map, the CO contours are reported in
white. The CO distribution are taken from Dame et al. (2001) and integrated between −20 km s−1 and 10 km s−1: six contour levels are linearly
spaced from 1.5 K km s−1 to 28 K km s−1. We also show the position of the shocked CO clumps S1, S2, S3, N1, N2 (black circles) (Koo et al.
2001) and clouds A, B, C (Tatematsu et al. 1990) and NW (Byun et al. 2006) (white crosses). In Fig. 2d the TS map of the residual emission of the
best modeling of the SNR and the hotspot (white regions) is shown above 1 GeV. In addition, the position of the shocked CO clumps is reported,
together with the estimated cloud region (red region).
1000 MeV. Globally, with respect to the catalog values (Pivato
et al. 2013), our results show a spectrum with a slightly harder
slope and weaker flux; this difference is explained by the differ-
ent extraction regions used for the estimation of the gamma-ray
emission from the SNR.
In order to assess the significance of the observed low en-
ergy falloff of the spectrum, we perform a likelihood fit of HB
21 in the energy range between 60 MeV and 1 GeV assuming:
(i) a simple power-law in the form dN/dE = N0(E/E0)−α,
where E0 = 200 MeV; and (ii) a smooth broken power law
parametrized as dN/dE = N0(E/E0)−α1
(
1 + (E/Eb)(α1−α2)/β
)−β
,
where E0 = 200 MeV and β = 0.1. The improvement in the like-
lihood fit achieved with the smooth broken power-law profile
is estimated through the TS of the two nested models. We prove
that the break is detected with a significance of 5.4σ and its char-
acteristic energy is estimated to be Eb = 389 ± 95 MeV, with a
change in photon index from α1 = 1.04±0.28 to α2 = 2.13±0.20,
and a normalization N0 = (2.53 ± 0.25) · 10−10 MeV−1cm−2s−1.
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Table 2. Values of estimated spectral parameters of the global fit, with
the parameter N0 is given in units of MeV−1cm−2s−1. Last column shows
the AIC number of the model.
Spectral model Spectral parameters AIC
Log parabola N0 = (0.157 ± 0.004) · 10−10 −4323878
α = 2.35 ± 0.03
β = 0.39 ± 0.03
Smooth broken N0 = (6.78 ± 0.97) · 10−10 −4323862
power law α1 = 1.43 ± 0.10
α2 = 2.90 ± 0.08
Eb = 750 ± 75 MeV
Power law with N0 = (3.34 ± 0.18) · 10−10 −4323842
exponential cutoff α = 1.39 ± 0.08
Ec = 1.26 ± 0.13 GeV
Energy [MeV]
210 310 410 510
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Fig. 3. SNR HB 21 SED. The black dashed curve indicates the global
best-fit model, i.e., the log parabola spectral shape. The red dashed
curve up to 1 GeV is the broken power-law fit.
4. Discussion
4.1. Modeling of the nonthermal emission
The gamma-ray emission from remnants can originate from dif-
ferent mechanisms, induced either by proton interactions or by
electron interactions. To investigate the nature of the parent par-
ticles, we fit the obtained gamma-ray SED of the SNR by both
hadronic- and leptonic-induced gamma-ray spectrum. We use
the Naima package (version v0.8.1) to compute the nonther-
mal radiation (Zabalza 2015). The gamma-ray emission result-
ing from pion-decay and bremsstrahlung processes are shown
In Fig. 4. Different particle parent spectra are considered for
the two scenarios. The Bayesian information criterion (BIC) en-
ables us to select a model on a statistic basis; it is defined as
BIC = log(n)k − 2 logL, where n is the number of data points, k
the number of parameters estimated by the model, and logL the
maximum value of the likelihood function (Schwarz 1978). The
model with the lowest BIC is preferred. In Table 3 and 4 the BIC
values are shown together with the estimated parameters of the
parent particle spectra for pion-decay and bremsstrahlung mech-
anism, respectively. In the following we report a discussion for
both the two emission processes.
4.1.1. Pion decay
The hadronic models shown in Fig. 4a provide a good agreement
with the gamma-ray data. In case of proton-proton interactions,
the low energy break of the photon spectrum comes naturally
from the kinematics of the process. However, a simple power-
law parent spectrum fits the data only marginally, as it does not
describe properly the high energy part of the spectrum. Conse-
quently, a high energy steepening in the protons spectrum has
to be introduced, either in the form of a cutoff or in the form
of a break. The available statistics does not allow us to discrim-
inate between a power law with an exponential cutoff or a bro-
ken power law. Under the hypothesis of hadronic-dominated sce-
nario, this underlying proton spectrum has a spectral index on
the order of α1,p ∼ 2.5. Similar properties are found also in the
SNRs IC 443, W44 (Ackermann et al. 2013), and W51C (Jogler
& Funk 2016), for which a proton index steeper than αp = 2 is
established. Compared to the other three SNRs, the proton and
the photon indexes are slightly steeper in HB 21, while the en-
ergy of the break in the gamma-ray spectrum is higher; this is
still within statistical uncertainties however. The steepening of
the spectrum can be explained in terms of confinement time of
particles in the source, as the escape of the most energetic par-
ticles might lead to a quasi-stationary spectrum that is signifi-
cantly softer than the acceleration spectrum. Therefore, depend-
ing on the age of the accelerator and on its distance and diffu-
sion coefficient, different gamma-ray spectra are expected from
source to source (Aharonian & Atoyan 1996).
In case of hadronic-dominated models, the CRs released
by the SNR can escape the remnant and interact with the sur-
rounding gas environment. Consequently, molecular clouds in
the vicinity of the SNR can be illuminated by such escaping
CRs and an enhanced gamma-ray emission is expected as due
to the increased rate of pi0 decays (Gabici et al. 2009). In this
scenario, the gamma-ray brightness of hotspot hs_ne might be
explained in terms of CRs escaping from HB 21 and interact-
ing with the large molecular clouds along the eastern boundary
of the remnant, which seem to be associated with the Cyg OB7
complex (Tatematsu et al. 1990). In particular, the northern cloud
A represents the best candidate among the three eastern clouds,
given the positional agreement with the hotspot. In Tatematsu
et al. (1990), the density of cloud A is quoted to be of about
100 cm−3. However, the impossibility to resolve the extension
of hotspot, together with uncertainties on its distance, prevent us
from assessing its total mass and therefore the interaction of the
SNR with the northeastern cloud cannot be firmly established,
as also argued in Koo et al. (2001); Byun et al. (2006) from CO
observations.
Interestingly, in the southern part of the SNR, shocked
molecular clumps with densities on the order of 102 − 104 cm−3
have been observed (Koo et al. 2001). This is so far the most
convincing evidence for the interaction of the SNR with molec-
ular clouds (Byun et al. 2006). As previously reported, we find
a hint of a gamma-ray excess in correspondence to this region.
Whether the shocked molecular clouds are inside the SNR or lie
along the same line of sight and appear located in the interior of
the shell as a projection effect, they can be the sites of efficient
gamma-ray production through enhanced pi0 decays. In the first
scenario the gamma-ray emission could be explained in terms of
trapped CRs (Uchiyama et al. 2010) and in the latter by escaping
CRs (Aharonian & Atoyan 1996; Gabici et al. 2009). In the con-
text of shocked clouds inside the SNR, preexisting CRs might
be shock-accelerated by the overrun of the blast waves and the
reacceleration in the dense clouds might result in a hardening of
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Fig. 4. Emission modeling of the gamma-ray radiation from HB 21. In Fig. 4a, the pion-decay process is shown, while in Fig. 4b the bremsstrahlung
mechanism is reported.
Table 3. Fit results of the pion-decay production mechanism.
Spectral model α1,p α2,p Ec,p (GeV) Eb,p (GeV) BIC
Power law 2.78 ± 0.03 - - - 25.4
Exponential cutoff 2.49+0.11−0.14 - 51+25−20 - 12.3
Broken power law 2.53+0.11−0.20 3.37
+0.32
−0.20 - 15+10−7 14.5
Table 4. Fit results of the bremsstrahlung production mechanism.
Spectral model α1,e α2,e Ec,e (GeV) Eb,e (GeV) BIC
Exponential cutoff 0.79+0.14−0.17 - 1.6 ± 0.2 - 45.2
Broken power law with Ee,min = 400 MeV 1.6 ± 0.3 3.14+0.17−0.06 - 1.8+0.5−0.3 15.4
the spectrum of existing particles. So far, the spectral properties
of the southern excess cannot be solidly constrained owing to
limited statistics. Therefore, more data are needed to highlight
possible spectral variations with respect to the remnant.
4.1.2. Bremsstrahlung
We hereafter consider models in which electron bremsstrahlung
is dominant in the Fermi-LAT energy band. In order to repro-
duce the low energy drop of the gamma-ray emission, a break
in the electron spectrum has to be postulated, as shown in Fig.
4b. If a cutoff at lower energies is also included in the electron
spectrum (i.e., when Ee,min = 400 MeV), the Fermi data are sat-
isfactorily well fitted in terms of bremsstrahlung emission. The
shapes of the two components of the electron spectrum are esti-
mated as α1,e = 1.6 ± 0.3 and α2,e = 3.1+0.2−0.1, with a break around
2 GeV. Such a spectrum notably evokes the spectrum of Galac-
tic CR electrons in the interstellar medium (ISM), for which a
low energy falloff with a break at ∼ 2 GeV followed by a sec-
ond component with slope ∼ 3.1 are measured (Strong 2016;
Strong et al. 2011). Remarkably, in this scenario the SNR would
contribute to the acceleration of the diffuse component of the
Galactic CR electrons.
In the leptonic scenario, we need to account for the radio
emission of synchrotron origin. We assume the same parent
spectral shape since in the easiest scenario the two emissions
are produced by the same population of electrons, although the
radio-shell morphology does not find a strict correspondence
with the gamma-ray disk emission. In Fig. 5 the radio data (taken
from (Kothes et al. 2006; Pivato et al. 2013)) are shown together
with the synchrotron modeling performed with the Naima pack-
age (Zabalza 2015). Assuming a broken power-law spectrum and
postulating Ee,min = 400 MeV, the electron parameters are esti-
mated as α1,e = 1.60±0.17, α2,e = 2.9+0.7−0.4, Eb,e = 6±3 GeV, and
B = 25+6−10 µG. The energy of the break is slightly higher than
that found for the bremsstrahlung. To reproduce the observed ra-
dio break with an electron break at Eb,e = 1.8 GeV (see Table
4 for the spectral parameters of the bremsstrahlung electrons),
a magnetic field on the order of ∼ 170 µG has to be postulated
because of the hν ∝ E2eB scaling of the characteristic energy
of the synchrotron radiation. However, within the uncertainties,
the synchrotron and bremsstrahlung energy breaks, as well as
the other parameters of the electron spectrum, are in agreement.
The missing correspondence between the radio the gamma-ray
emission morphologies could eventually be explained in terms
of different cooling times: in case of bremsstrahlung interac-
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tions the cooling timescale depends on the ambient density as
τbrems ∼ 4 × 107(np/ cm3)−1 years, while in case of synchrotron
losses it scales as τsyn ∼ 1.3 × 1010(B/1µG)−2(Ee/1 GeV)−1
years. The ratio of the two characteristic times cannot be sig-
nificantly constrained owing to the uncertainties on the relevant
quantities. It can vary from region to region of the SNR (e.g., due
to the observed nonuniform gas distribution) and it is expected to
be further amplified in the region of the shell because of the en-
hanced magnetic field. Higher resolution gamma-ray data might
help to further investigate this scenario and potentially confirm
the hypothesis of same production regions.
Fig. 5. Modeling of the radio emission from HB 21. Radio data points
are from the literature: up to 4 · 10−5 eV are from Kothes et al. (2006),
above are WMAP data taken from Pivato et al. (2013).
4.2. Energetics
The total energy content in protons required to explain
the Fermi-LAT emission is on the order of Wp w 3 ×
1050(n/1 cm−3)−1 erg. A bremsstrahlung origin of the gamma
rays implies for the parent electrons WBreme w 2.1 ×
1049(n/1 cm−3)−1 erg. The energy budget in protons is high, al-
though we cannot exclude a higher local gas density, which
would reduce the required budget. For what concerns the elec-
trons, from the modeling of the radio emission we obtained
WS ynche w 1.7 × 1048(B/25 µG)−2 erg. The comparison of WBreme
and WS ynche predicts a proton density of ∼ 10 cm−3, which is rea-
sonable for a SNR. We note that as long as the simple one-zone
model is assumed and the same electrons produce both the radio
and the gamma-ray photons, then the product B2 × n−1 should
be fixed. Consequently, for a magnetic field as high as 170 µG,
a density above hundreds of protons per cubic-centimeter is ex-
pected, which is unlikely within a SNR. In this sense, more pre-
cise radio measurements of the SNR are needed to better contain
the position of the break, and therefore the magnetic field. This
would eventually allow us to rule out the hypothesis of same par-
ent electrons, together with a deeper understanding of the SNR
environment.
5. Conclusions
We analyzed more than nine years of Fermi-LAT Pass-8 data
from the region of the SNR HB 21. The substantially richer
statistics with respect to the previous analysis (based on roughly
four years of Pass-7 data) led to a revision of the published
results with relevant implications. The source is centered at
l = 88◦.76 ± 0◦.02, b = +4◦.74 ± 0◦.02 with an extension of
0◦.83± 0◦.02, that is, smaller than the extension previously pub-
lished. The revised morphology allowed us to resolve a point-
like source at the edge of the SNR, previously considered as part
of HB 21. We proved that the bulk of the gamma-ray emission
comes from the remnant and there is a hint of additional excess
in correspondence to the region of the shocked molecular clouds
observed at 4σ. The spectral analysis confirmed the presence of
a break in the gamma-ray emission. We demonstrated the signif-
icant detection of the break at the level of 5.4σ and an energy of
Eb = 389 ± 95 MeV.
The discovery of a spectral break at low energies is cru-
cial for the understanding of the origin of the radiation from the
SNRs. We showed that the SED of the SNR HB 21 can be fitted
by both leptonic and hadronic gamma-ray production processes.
A good agreement of the LAT data with the pion-decay mecha-
nism is found, predicting a proton spectrum with a slope α ∼ 2.5
and requiring a steepening at higher energies. The spectral and
morphological properties of the high energy radiation from SNR
HB 21 can be also interpreted as bremsstrahlung emission from a
population of electrons accelerated within the SNR, whose spec-
trum resembles very closely the spectrum of CR electrons in the
Galactic plane. This novel and remarkable result of our inves-
tigation shows that the SNR HB 21 contributes to the Galactic
background electrons and, more in general, it can be treated as
an indication of the major contribution of SNRs to relativistic
electrons in the ISM. Within the uncertainties, the same popu-
lation of electrons (with same spectral slopes and break) also
explains the radio emission from the source. These results sug-
gest that the break in the electron spectrum is not due to cooling
processes, but rather reflects an intrinsic property of the source
that is likely related to acceleration processes.
Acknowledgements. The authors would like to thank T. M. Dame and V. Za-
balza for useful discussions. We thank the Max-Planck-Institut für Kernphysik as
hosting institution. S. C. acknowledges the Polish Science Centre through grant
agreement DEC-2017/27 / B / ST9 / 02272. R. Z. acknowledges the Alexander
von Humboldt Foundation for financial support.
References
Acero, F. et al. 2015, Astrophys. J. Supplement Series, 218, 23
Ackermann, M. et al. 2013, Science, 339, 807
Aharonian, F. & Atoyan, A. 1996, Astronomy and Astrophysics, 309, 917
Akaike, H. 1974, IEEE transactions on automatic control, 19, 716
Bell, A. R. 1978, Monthly Notices of the Royal Astronomical Society, 182, 147
Blandford, R. D. & Ostriker, J. P. 1978, Astrophys. J., 221, L29
Byun, D.-Y., Koo, B.-C., Tatematsu, K., & Sunada, K. 2006, The Astrophysical
Journal, 637, 283
Dame, T. M., Hartmann, D., & Thaddeus, P. 2001, Astrophys. J., 547, 792
Gabici, S., Aharonian, F. A., & Casanova, S. 2009, Mon. Not. Roy. Astron. Soc.,
396, 1629
Giuliani, A. et al. 2011, Astrophys. J., 742, L30
Hill, I. 1974, Monthly Notices of the Royal Astronomical Society, 169, 59
Jogler, T. & Funk, S. 2016, Astrophys. J., 816, 100
Koo, B.-C. & Heiles, C. 1991, The Astrophysical Journal, 382, 204
Koo, B.-C., Rho, J., Reach, W. T., Jung, J., & Mangum, J. G. 2001, The Astro-
physical Journal, 552, 175
Kothes, R., Fedotov, K., Foster, T., & Uyanıker, B. 2006, Astronomy & Astro-
physics, 457, 1081
Lazendic, J. & Slane, P. 2006, Astrophys. J., 647, 350
Leahy, D. & Aschenbach, B. 1996, Astronomy and Astrophysics, 315, 260
Nolan, P. L. et al. 2012, Astrophys. J. Suppl., 199, 31
Pannuti, T. G., Rho, J., Borkowski, K. J., & Cameron, P. B. 2010, Astron. J., 140,
1787
Pivato, G. et al. 2013, Astrophys. J., 779, 179
Article number, page 7 of 7
A&A proofs: manuscript no. HB21
Reichardt, I., de Ona Wilhelmi, E., Rico, J., & Yang, R. 2012, Astron. Astro-
phys., 546, A21
Schwarz, G. 1978, Annals Statist., 6, 461
Shinn, J.-H., Koo, B.-C., Burton, M. G., Lee, H.-G., & Moon, D.-S. 2009, The
Astrophysical Journal, 693, 1883
Shinn, J.-H., Koo, B.-C., Burton, M. G., Lee, H.-G., & Moon, D.-S. 2010, Adv.
Space Res., 45, 445
Strong, A. 2016, PoS, ICRC2015, 506
Strong, A. W., Orlando, E., & Jaffe, T. R. 2011, Astron. Astrophys., 534, A54
Suzuki, H., Bamba, A., Nakazawa, K., et al. 2018, arXiv preprint
arXiv:1805.02882
Tatematsu, K., Fukui, Y., Landecker, T., & Roger, R. 1990, Astronomy and As-
trophysics, 237, 189
Uchiyama, Y., Blandford, R. D., Funk, S., Tajima, H., & Tanaka, T.
2010, Astrophysical Journal Letters [arXiv:1008.1840], [Astrophys.
J.723,L122(2010)]
Wood, M., Caputo, R., Charles, E., et al. 2017 [arXiv:1707.09551]
Zabalza, V. 2015, Proc. of International Cosmic Ray Conference 2015, 922
Article number, page 8 of 7
